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.2013.03.0Abstract Three dimensional ﬁnite element model was utilized to determine mode I stress intensity
factor through the front of a single edge crack in main plate with welded cover plate. The numerical
results showed that the ratio of the crack length to the position of the welded cover plate end is a
crucial parameter for describing the efﬁciency of the cover plate location. When the crack tip just
reached the cover plate end, the cover plate efﬁciency is only dependent on the cover plate dimen-
sions regardless the location of the cover plate or the crack length. In the case of crack front not
reached the cover plate end, the location of cover plate near the edge of the main plate, i.e., near
the crack mouth, is less efﬁcient than that faraway. However, the opposite trend was found for
cracks pass beneath the cover plate.
 2013 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
The transverse cracks in steel plates can propagate under lon-
gitudinal axial tension and the resulting ultimate strength
reduction due to cracks as indicated by Paik et al. [1]. The lon-
gitudinal-edge cracks more signiﬁcantly reduce the plate ulti-
mate strength [2]. Several methods are considered to reduceartment, Faculty of Engineer-
rabia. Tel.: +20 1270225958,
.
Shams University.
y. Production and hosting by Elsev
02the effective stresses around the crack front, e.g., reduction
of stress concentration, reinforcement of cracked parts, appli-
cation of residual compressive stresses, etc. By using auxiliary
attachment arresters to the cracked plate either in-plane such
as by inserting internal strips or out-of-plane such as bolted,
bonded or welded strips can be achieved to fail safe [3–10].
The concept of fail-safe design is used in structures made from
either ductile [11] or brittle [12] materials. Integral structures
bring the beneﬁts of reduction in part counts, weight saving,
and simpliﬁcation in inspection. However, unlike structures
fabricated by mechanical fastening techniques, integral struc-
tures do not contain redundant structural members that could
act as crack stoppers or retarders; they hence lack fail-safety
capability, and regulators penalize such structures by imposing
extra design safety factors. In order to improve damage
tolerance capabilities, it is important to include fail-safe design
features for single load path constructions [11]. The crackier B.V. All rights reserved.
864 A.A. Abd-Elhadygrowth in bolted stiffened panel was predicted with the calcu-
lated stress intensity factor, SIF [13]. It has been concluded
that SIF drops as the crack approaches the stiffener and the
reduction becomes larger and it is a maximum when the crack
has just passed the stiffener center line. Leme and Aliabadi [14]
show that the stiffeners are effective in reducing the stress
intensity factors and highly effective in slowing the crack
growth rate. Yuen et al. [15] studied the propagation of fatigue
cracks in the welded stiffened 350WT steel plates under con-
stant amplitude cyclic loading. Fatigue testing pointed out that
the fatigue crack growth rates in stiffened plates were in gen-
eral lower than that of a corresponding un-stiffened plate. Fur-
thermore, James et al. [16] studied the inﬂuence of welded
quality and stress relief on the efﬁciency of welded cover plate
for increasing the fatigue life of 6261 Al. alloy I-beam under
constant and variable amplitude loading.
Most analytical and numerical investigations were focused
on two-dimensional or axisymmetric problems though three-
dimensional effects were often acknowledged. In two-dimen-
sional structural analyses, plane strain is commonly assumed
where deformation is highly constrained, and plane stress is
used for thin plates. However, the state of deformation near
the crack tip is always three-dimensional, and the meaning
of the two-dimensional LEFM is still not fully understood.
Simplicity is the main reason for the popularity of the two-
dimensional approach to fracture. In recent years, the develop-
ment of computers in both speed and capacity has provided
better accuracy of solutions in three-dimensional problems
involving singularities. The difﬁculties in obtaining a closed
form analysis, three-dimensional analyses using numerical
methods were performed by several researchers [17,18].H
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(a)
Figure 1 Specimen details – (a) main cracked plate withoThe main objective of the present work is to study the inﬂu-
ence of welded cover plate location and dimensions on mode I
stress intensity factor of a through thickness crack in main
plates using 3D FEM.2. Numerical ﬁnite element model
The general purpose ﬁnite element program ABAQUS was
used [19]. A three-dimensional ﬁnite element model has been
developed to account for geometric and material behavior of
isotropic main plate and cover plate. In the present work,
the domain integral method commonly used to extract stress
intensity factors (SIFs) [20–23].
In a ﬁnite element model, SIF can be thought of as the vir-
tual motion of a block of material surrounding each node
along the crack line. Each such block is deﬁned by contours:
each contour is a ring of elements completely surrounding
the nodes along the crack line from one crack face to the oppo-
site crack face. These rings of elements are deﬁned recursively
to surround all previous contours. Abaqus/Standard automat-
ically ﬁnds the elements that form each ring from the regions
given as the crack-line deﬁnition. Each contour provides an
evaluation of the contour integral. Using the divergence theo-
rem, the contour integral can be expanded into a volume inte-
gral, over a ﬁnite domain surrounding the crack. This domain
integral method is used to evaluate contour integrals in Aba-
qus/Standard. The method is quite robust in the sense that
accurate contour integral estimates are usually obtained even
with quite coarse meshes; because the integral is taken over a
domain of elements surrounding the crack, errors in local(b)
ut cover plate (b) main cracked plate with cover plate.
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such as the stress intensity factors.
The stress intensity factors KI, KII, and KIII (mode I, mode
II, and mode III SIF) are usually used in linear elastic fracture
mechanics to characterize the local crack-tip/crack-line stress
and displacement ﬁelds. They are related to the energy release
rate (the J-integral) through
J ¼ 1
8p
KTB1K ð1Þ
where K= [KI, KII, KIII]
T and B is called the pre-logarithmic
energy factor matrix [20–23] for homogeneous, isotropic mate-
rials B is diagonal and the above equation simpliﬁed to
J ¼ 1
E
ðK2I þ K2IIÞ þ
1
2G
K2III ð2Þ
where E ¼ E (E is modulus of elasticity) for plane stress and
E ¼ Eð1m2Þ (m is Poisson’s ratio) for plane strain, axisymmetry,
and three dimension. The energy release rate is calculated di-
rectly in Abaqus/Standard.
3. Geometrical deﬁnition and material properties
The height of the main plate, Hp, was 150 mm, the width, Wp
was 50 mm, and had a thickness, tp, 5, 10 and 15 mm. The cov-
er plate width, Wst, was 12 mm and had a height, Hst, 25, 50
and 75 mm, as illustrated in Fig. 1. The ratio of the thickness
of both cover plates, 2tst, to the main plate thickness, 2tst/tp,
was equal to 0, 0.25, 0.5, and 1. The position of the cover plate,
x, equals 0 and 6 mm. The crack length, a, ranged from 3 to
30 mm, a/w= 0.06 to 0.6. The ﬁnite element meshes con-
structed with hexagonal structural mesh, C3D8 (8-node linear
brick) elements. The mechanical properties of the main plate
and cover plate were as follows: modulus of elasticity,
E= 206 GPa, and Poisson’s ratio, m= 0.3. The main plate
was loaded with uniform uniaxial stress, ry = r, of 100 MPa
as shown in Fig. 1. Each cover plate was attached to the main
plate by ﬁllet weld at the top and the bottom of the cover plate
with thickness equals the cover plate thickness as shown in0.3
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Figure 2 The effect of cover plate location on the normalized
mode I stress intensity factor of crack in main plates with different
crack length.Fig. 1. The mode I stress intensity factor, SIF, for cracked
main plate without cover plate denoted by YIp and for cracked
plate with cover plate denoted by YIst. YIp and YIst are com-
puted through the crack front from the mid plate thickness
where z= 0 to free plate surface where z= tp/2.
4. Results and discussion
The effect of cover plate on SIF is presented in Fig. 2 for dif-
ferent cover plate thickness, tst, and different cover plate loca-
tion, x. It can be seen that, the normalized SIF of cracked plate
with cover plate, YIst by SIF of cracked plate without cover
plate, YIp, YIst/YIp, decreased by increasing the crack length.
This is in agreement with the previous work [3,13]. YIst/YIp
decreased by increasing the cover plate thickness. When the
crack length reached the cover plate end, a/(x+Wst) = 1 or
(a/XSe)= 1 where XSe = x+Wst, the value of YIst/YIp is0.4
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Figure 3 The effect of cover plate thickness on the distribution
of the normalized mode I stress intensity factor along crack front
for Hst, a and x were 25, 12.5 and 0 mm, respectively.
866 A.A. Abd-Elhadyidentical for the same cover plate thickness regardless the cover
plate location and crack length.
The variation of the normalized YIst/YIp vs. a/XSe can be di-
vided into two regions. In the ﬁrst region, the crack did not
reach the end of cover plate (a/XSe < 1). In this region, the
YIst/YIp increased with increasing ‘‘x’’ for the same cover plate
dimensions. In the second region, the crack passed from the
cover plate end (a/XSe > 1), the YIst/YIp increased with
decreasing ‘‘x’’ for the same cover plate dimensions. In the case
of bolted stiffeners, Abdel-Salam et al. [24] used a two dimen-
sion ﬁnite element model to study the effect of bolted stiffeners
location on the SIFs at tip of a crack in strengthened panel.
They found that the efﬁciency of the bolted stiffeners in the
reduction of the SIF depends on its location with respect to
the crack tip.
Figs. 3–5 show the thickness effect of main plate and cover
plate on the normalized mode I SIF,YIst/YIp, through the crack0.5
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Figure 4 The effect of cover plate thickness on the distribution
of the normalized mode I stress intensity factor along crack front
for Hst, a and x were 50, 12.5 and 0 mm, respectively.front of the main plate with constant crack length and cover
plate location, i.e., a= 12.5 mm and x= 0, for different cover
plate height, i.e., Hst = 25, 50, and 75 mm, respectively.
Through the crack front, the value ofYIst/YIpwas constant from
the mid plane (when 2z/tp = 0) to 2z/tp  0.8 after that YIst/YIp
increased to reach a peak values then should drop to zero at the
plate free surface due to the weaker singularity than square root
[25], but this is difﬁcult to obtain by the ﬁnite element [17] or
boundary element [26] analysis. For constant main plate thick-
ness (tp = constant), YIst/YIp decreased by increasing the cover
plate thickness and decreasing its height. For the same cover
plate thickness ratio (2tst/tp), YIst/YIp increased by increasing
themain plate thickness that was agreement with [18]. For a cer-
tain main plate thickness, there is a minimum value of YIst/YIp
beyond which there is no effect for increasing cover plate thick-
ness. This value mainly depends on the thickness of the main
plate and the length of the cover plate.0.5
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Figure 5 The effect of cover plate thickness on the distribution
of the normalized mode I stress intensity factor along crack front
for Hst, a and x were 75, 12.5 and 0 mm, respectively.
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It can be concluded from the present work that the normalized
SIF YIst/YIp decreased by increasing the crack length. When
the crack length reached the cover plate end, a/XSe = 1, the
value of YIst/YIp is identical for the same cover plate thickness
regardless the cover plate location and crack length. For
a/XSe < 1, the cover plate near the edge of the plate is less
efﬁcient than that faraway. However, the opposite trend was
found for a/XSe > 1. The efﬁciency of a welded cover plate in-
creased by decreasing its height and increasing its thickness.
For a certain main plate thickness, there is a maximum efﬁ-
ciency of a welded cover plate beyond which there is no effect
for increasing cover plate thickness. This value mainly depends
on the thickness of the main plate and the length of the cover
plate.
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